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Biofilms in water, its role and impact in human disease
transmission
Anwar Huq1, Chris A Whitehouse2,*, Christopher J Grim1,4, Munirul Alam3

and Rita R Colwell1,4
Understanding the mechanism of biofilm formation is the first

step in determining its function and, thereby, its impact and role

in the environment. Extensive studies accomplished during the

past few years have elucidated the genetics and biochemistry

of biofilm formation. Cell-to-cell communication, that is,

quorum sensing, is a key factor in the initiation of biofilm.

Occurrence of viable but nonculturable bacteria, including

Vibrio cholerae in biofilms has been reported and most likely

such cells were overlooked previously because appropriate

methods of detection were not employed. For this reason

discovery and investigation of this important bacterial

ecological niche in the environment were impeded.
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Introduction
A biofilm has been defined as an assemblage of microbial

cells that is surrounded by a matrix of exopolysaccharide

(EPS) secreted by those cells. Biofilms can be composed

of a pure culture, but more commonly comprise a com-

munity of mixed microbial species. The formation of a

biofilm is a developmental process in which a quorum

sensing signal molecule, an auto-inducer, functions to

induce the secretion of EPS and leads to the formation

of a characteristic three-dimensional biofilm architecture
* Opinions, interpretations, conclusions, and recommendations are
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[1��]. Biofilm formation can be viewed as a survival

mechanism for bacteria; bio film can provide protection

from toxic compounds, such as antibiotics, thermal stress,

and predation [2]. Biofilms in drinking water containing

Escherichia coli, Aeromonas, and Pseudomonas spp., harbor

potential risk to human health if pathogenic forms are

present [3]. The number of cells in a biofilm may reach as

high as 1.0 � 109 cells per clump which, in most cases, can

comprise an infectious dose of a pathogen. However,

survivability of bacterial cells and retention of their

potential to cause disease when present in a biofilm

remains to be fully elucidated [4��].

Formation of biofilm in aquatic environments
Bacteria in biofilms in an aquatic environment are rarely

planktonic, instead are associated with surfaces that can

include living tissues, indwelling medical devices, or

industrial or potable water system piping, attachment

helping the bacteria from being swept away [2]. Pro-

duction of alginate, an exopolysaccharide present as an

extracellular matrix in Pseudomonas aeruginosa biofilm, is

induced upon the contact of the cells with a surface.

Laboratory microcosm experiments suggest cells of V.
cholerae form biofilms on biotic and abiotic surfaces,

thereby protecting themselves with this exopolymer bar-

rier [5].

Other factors, such as less soluble or metabolizable large

organic compounds, including humic acids, that are

adsorbed onto aquatic surfaces, and chitinous exoskele-

tons of crustaceans provide nutrition directly to the

attached bacteria. Ca2+, which is abundant in marine

and brackish water ecosystems, plays an important

role in the formation of biofilms by directly stabilizing

intercellular interactions, as has been shown for P. aeru-
ginosa and Streptococcus downei, presumably by forming

intercellular salt bridges. Biofilms in seawater similarly

can involve chromium, nickel, and molybdenum, used as

alloying elements to resist corrosion of stainless steel

bodies of marine vessels. Biofilms on those surfaces,

however, do become corroded over time [6].

Interestingly, the correlation between sea surface height

in the Bay of Bengal and cholera epidemics in

Bangladesh, can be explained by seawater, carrying par-

ticulates and plankton colonized with cholera bacteria in

the form of biofilms inundating adjacent estuaries, and

ultimately introducing the cholera bacteria to brackish
www.sciencedirect.com

mailto:huqanwar@gmail.com
http://dx.doi.org/10.1016/j.copbio.2008.04.005


Report Documentation Page Form Approved
OMB No. 0704-0188

Public reporting burden for the collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and
maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information,
including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington
VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to a penalty for failing to comply with a collection of information if it
does not display a currently valid OMB control number. 

1. REPORT DATE 
01 JUN 2008 

2. REPORT TYPE 
N/A 

3. DATES COVERED 
  -   

4. TITLE AND SUBTITLE 
Biofilms in water, its role and impact in human disease transmission.
Current Opinion in Biotechnology 19:244-247 

5a. CONTRACT NUMBER 

5b. GRANT NUMBER 

5c. PROGRAM ELEMENT NUMBER 

6. AUTHOR(S) 
Huq, A Whitehouse, CA Grim, CJ Alam, M Colwell, RR 

5d. PROJECT NUMBER 

5e. TASK NUMBER 

5f. WORK UNIT NUMBER 

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 
United States Army Medical Research Instiute of Infectious Diseases,
Fort Detrick, MD 

8. PERFORMING ORGANIZATION
REPORT NUMBER 
TR-08-037 

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’S ACRONYM(S) 

11. SPONSOR/MONITOR’S REPORT 
NUMBER(S) 

12. DISTRIBUTION/AVAILABILITY STATEMENT 
Approved for public release, distribution unlimited 

13. SUPPLEMENTARY NOTES 

14. ABSTRACT 
Understanding the mechanism of biofilm formation is the first step before determining its function and,
thereby, the impact and role in the environment. Cell to cell communication, i.e., quorum sensing, is a key
factor in the initiation of biofilm, yet extensive studies accomplished during the past few years have
elucidated the genetics and biochemistry of biofilm formation. Occurrence of viable but nonculturable
bacteria, including Vibrio cholerae in biofilms has been reported and most likely such cells were
overlooked previously because appropriate methods of detection were not employed. In fact, for this reason
discovery and investigation of this important bacterial ecological niche in the environment were impeded. 

15. SUBJECT TERMS 
biofilms, formation, quorum-sensing, Vibrio cholerae, ecological niche, biochemistry 

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF 
ABSTRACT 

SAR 

18. NUMBER
OF PAGES 

4 

19a. NAME OF
RESPONSIBLE PERSON 

a. REPORT 
unclassified 

b. ABSTRACT 
unclassified 

c. THIS PAGE 
unclassified 

Standard Form 298 (Rev. 8-98) 
Prescribed by ANSI Std Z39-18 



Biofilms in water Huq et al. 245
ecosystems [4��,7]. V. cholerae serogroups O1 and O139

have been shown to survive year round, mostly in a

nonculturable state, within clusters of biofilm in the

ecosystem adjacent to the coast of the Bay of Bengal,

accounting for the endemic cholera in that geographic

region [7]. Biofilm-like, multicellular clumps of V. cholerae
are found in human stools [8], and a recent epi-

demiological and ecological study offered firm evidence

that bodies of water serving as drinking water sources

harbored biofilm-bound, nonculturable V. cholerae O1

cells between epidemics occurring in the coastal villages

of the Bay of Bengal seasonally [9]. Subsequent studies

also showed that nonculturable V. cholerae O1 cells natu-

rally present in biofilms were more adapted to the aquatic

ecosystem, compared to V. cholerae shed in cholera stools

[4��], and discharged into the aquatic ecosystem. The

latter were found to remain infective for a relatively

shorter period. V. cholerae cells within naturally occurring

biofilms in the aquatic ecosystem, a significant role in the

ecology and seasonal epidemics of cholera in Bangladesh.

Analysis of biofilms and detection of the
organisms
Microscopy continues to be the most widely used tool in

the analysis of biofilms. Confocal scanning laser micro-

scopy (CSLM) captures top-down images of mature bio-

films that can be viewed in a qualitative manner.

Additionally, those images can be sectioned along the

xz axis and reconstructed to give sagittal or orthogonal

profiles, for which the depth, and subsequently volume,

of the biofilm can be quantified [10–12]. There are a

number of software packages, such as COMSTAT or

IMARIS, that can assist in this type of analysis [10,13].

Phase contrast light microscopy and epifluorescence

microscopy are used primarily to examine early devel-

opment of biofilms, that is cell attachment and migration

to form microcolonies, and in those cases where CSLM is

not available [4��]. Occasionally, scanning and trans-

mission electron microscopy are used.

Nonmicroscopic methods for the analysis of biofilm bio-

mass include staining with crystal violet (absorbance at

570 nm), Syto9, fluorescein diacetate (FDA), resazurin,

tetrazolium salts (CTC, XTT), and dimethyl methylene

blue (DMMB) [4��,11,12,14�,15�]. These assays princi-

pally work the same, except they stain in different ways;

e.g., cells and biofilm matrix, viable cells, and/or the

polysaccharide matrix. Attached cells are incubated with

the staining agent, rinsed to remove unattached cells, and

then quantified, based on fluorescence absorbance. For

bacterial enumeration, the biofilm is first mechanically

disrupted (glass beads), serially diluted and colony-form-

ing units determined by plate count [12].

Culture conditions

Flow cell biofilm reactors, derivatives of chemostats, have

been used primarily for studying biofilms. Most are driven
www.sciencedirect.com
by a peristaltic pump and include single pass systems and

recycling reactors [13]. The biofilm bait can be a silicone

tubing, such as is used in catheters, or glass capillary

[10,13]. Many less expensive alternatives to flow cells

have been described. In one study, researchers used a

chambered cover glass system (Nunc Lab-Tek), origin-

ally designed for tissue culture [10]. Borosilicate slide

cover glasses (22 mm � 22 mm) submerged in media in

50 ml conical centrifuge tubes were employed with good

results by Liu et al. [12]. For all culture methods, the

resultant biofilm can be assayed by microscopy. When

nonmicroscopic methods are used, the biofilm can be

cultured in polyvinyl chloride or polystyrene microtiter

plates or borosilicate glass tubes [11,14�].

Role of biofilms in causing disease and
disease transmission
It has been long known that bacteria can adhere to solid

surfaces and form a slimy, slippery coat (i.e. biofilm).

Furthermore, it has been suggested that biofilms play a

significant role in the transmission and persistence of

human disease. For human pathogenic bacteria, biofilms

offer protection to the bacteria from the host immune

system and allow those bacteria to withstand killing doses

of antibiotics. For example, in the medical community,

one of the greatest concerns has been microbial biofilms

on indwelling medical devices (e.g. prosthetic heart

valves) or other devices used in the healthcare environ-

ment that can harbor biofilms. In humans, V. cholerae
biofilms in the gut of cholera patients may be protected

from acid pH and/or antibiotic, thereby serving as a

vehicle for fecal-oral mode of transmission of the disease.

In the natural environment, biofilms can also provide a

safe haven for pathogenic bacteria, protecting them from

a variety of physiochemical stresses, including UV light,

oxidative stress, dehydration, and biocidal agents.

Additionally, since bacteria in the natural environment

are subject to predation by protozoa, bacterivorous micro-

organisms (e.g. Bdellovibrio spp.), and bacteriophages, it is

probable that biofilms provide a mechanism for the per-

sistence of bacterial-forming bacterial pathogens in the

environment.

There is an increasing realization of the importance of the

world’s oceans as a source of potentially pathogenic

microorganisms. Human bacterial pathogens associated

with the marine environment and the diseases they cause

have been reviewed [16]. Several bacterial pathogens

found in the marine environment produce biofilms. While

progress is being made in elucidating molecular and

genetic mechanisms by which these bacteria produce

biofilms, its role in disease transmission, by far the most

detailed work has been done on V. cholerae, the causative

agent of cholera.

Biofilm formation in V. cholerae is a multistep develop-

mental process controlled by several regulatory path-
Current Opinion in Biotechnology 2008, 19:244–247
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ways. In particular, recent evidence suggests that two

main systems are responsible for biofilm formation and

regulation in V. cholerae, namely, the matrix exopoly-

saccharide and quorum sensing. V. cholerae has been

shown to undergo phenotypic (phase) variation, gen-

erating two morphologically distinct variants, smooth

and rugose. This phase variation has been implicated in

its adaption to variation in its natural aquatic ecosys-

tem. In particular, the rugose variant has an enhanced

capacity to form biofilms [17], a phenotype mediated, in

part, by increased production of exopolysaccharide VPS

(Vibrio polysaccharide synthesis). New data suggest that

the gene, rbmA (rugosity and biofilm structure modu-

lator A), is required for rugose colony formation and

integrity of the biofilm structure in V. cholerae [17].

Bacteria can engage in social behavior in which they

coordinate expression of certain genes or phenotypes

using quorum-sensing regulation. Essentially, individ-

ual cells detect the density of cells around them and

activate expression of target genes when the density is

high. It has been established that V. cholerae employs

cell-to-cell communication, namely quorum sensing, to

control biofilm formation. Specifically, quorum sensing

and 30,50-cyclic diguanylic acid (c-di-GMP) act recipro-

cally to control biofilm formation. In V. cholerae, quorum

sensing represses biofilm formation and c-di-GMP, an

intracellular second messenger, activates biofilm for-

mation. Recent genetic evidence shows that a protein,

HapR, which is produced at high cell density represses

biofilm formation by two distinct mechanisms [18��].
First, HapR controls transcription of 14 genes encoding

a group of proteins that synthesize and degrade c-di-

GMP, resulting in a net reduction in cellular c-di-GMP

levels at high cell density and, thereby, a decrease in

biofilm production. Second, HapR binds directly to and

represses the expression of the biofilm transcriptional

activator, vpsT, also leading to decrease in biofilm

formation.

Biofilm formation by pathogens in the environment can

play a role in the transmission of those pathogens. For

example, an obvious mechanism by which microbial

pathogens active in biofilms cause disease is by the

seeding and dispersal of a large number of cells that

subsequently initiate an infection. This phenomenon

was shown to be the case for V. cholerae in surface waters

in a cholera-endemic area in Bangladesh, where large

numbers of toxigenic V. cholerae in the viable but non-

culturable state were detected in biofilms. Since it had

been shown that cholera patients shed high concen-

trations of V. cholerae in vivo-formed biofilms, shedding

clumps of cells appears to be an efficient way of deli-

vering an infectious dose of organisms [8]. Thus, biofilm

formation by V. cholerae can play a major role in its

ecology and in the epidemiology of cholera and, very

likely, other water-borne bacterial pathogens can do so

as well.
Current Opinion in Biotechnology 2008, 19:244–247
Acknowledgements
This research was supported by a grant from the National Institutes of
Health, National Institute of Allergy and Infectious Disease, NIH grant #
1RO1A139129-01, the National Oceanographic and Atmospheric Agency
Cooperative Grant Number 17GP1376, in association with The University
Corporation for Atmospheric Research Grant S0660009 and the IC Post
doctoral fellowship program, grant number HM15820612010.

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

� of special interest

�� of outstanding interest

1.
��

Nadell C, Xavier J, Levin S, Foster K: The evolution of quorum
sensing in bacterial biofilms. PloS Biol 2008, 6:e14.

This paper was interesting, with detail description on the striking variation
in polymer production, while studying the evolutionary model of quorum
sensing in biofilm formation. Most importantly, this was linked with
pathogen dispersion leading to disease transmission, that could lead
to further studies for disease prevention and/or intervention.

2. Johnson L: Microcolony and biofilm formation as a survival
strategy for bacteria. J Theoretical Biol 2007, 251:24-34.

3. September S, Els F, Venter S, Brozel V: Prevalence of bacterial
pathogens in biofilms of drinking water distribution systems. J
Water Health 2007, 5:219-227.

4.
��

Alam M, Sultana M, Nair G, Siddique A, Hasan N, Sack R, Sack D,
Ahmed K, Sadique A, Watanabe H et al.: Viable but nonculturable
Vibrio cholerae O1 in biofilms in the aquatic environment and
their role in cholera transmission. PNAS 2007, 104:17801-
17806.

Viable but nonculturable cells of V. cholerae present in biofilms were
culturable in animal models, while free-living cells did not, suggesting not
only its role in causing disease, but the process of biofilm formation may
serve as a long-term survival mechanism for bacterial cells in adverse
environmental conditions.

5. Islam M, Jahid M, Rahman M, Rahman M, Islam M, Kabir M,
Sack D, Schoolnik G: Biofilm acts as a microenvironment for
plankton-associated Vibrio cholerae in the aquatic
environment of Bangladesh. Microbiol Immunol 2007, 51:369-
379.

6. Lopes F, Morin P, Oliveira R, Melo L: Interaction of Desulfovibrio
desulfuicans biofilms with stainless steel surface and its
impact on bacterial metabolism. J Appl Microbiol 2006,
101:1087-1095.

7. Alam M, Sultana M, Nair G, Sack R, Sack D, Siddique A, Ali A,
Huq A, Colwell R: Toxigenic Vibrio cholerae in the aquatic
environment of Mathbaria, Bangladesh. Appl Environ Microbiol
2006, 72:2849-2855.

8. Faruque S, Biswas K, Udden S, Ahmad Q, Sack D, Nair G,
Mekalanos J: Transmissibility of cholera: in vivo-formed
biofilms and their relationship to infectivity and persistence in
the environment. PNAS 2006, 103:6350-6355.

9. Alam M, Hasan N, Sadique A, Bhuiyan N, Ahmed K, Nusrin S,
Nair G, Siddique A, Sack R, Sack D et al.: Seasonal cholera
caused by Vibrio cholerae serogroups O1 and O139 in the
coastal aquatic environment of Bangladesh. Appl Environ
Microbiol 2006, 72:4096-4104.

10. Beyhan S, Bilecen K, Salama S, Casper-Lindley C, Yildiz F:
Regulation of rugosity and biofilm formation in Vibrio
cholerae: comparison of VpsT and VpsR regulons and
epistasis analysis of vpsT, vpsR, and hapR. J Bacteriol 2007,
189:388-402.

11. Mueller R, McDougald D, Cusumano D, Sodhi N, Kjelleberg S,
Azam F, Bartlett D: Vibrio cholerae strains possess multiple
strategies for abiotic and biotic surface colonization. J
Bacteriol 2007, 189:5348-5360.

12. Liu Z, Stirling F, Zhu J: Temporal quorum-sensing induction
regulates Vibrio cholerae biofilm architecture. Infect Immun
2007, 75:122-126.
www.sciencedirect.com



Biofilms in water Huq et al. 247
13. Kirisits M, Margolis J, Purevdorj-Gage B, Vaughn B, Chopp D,
Stoodley P, Parsek M: Influence of the hydrodynamic
environment on quorum sensing in Pseudomonas aeruginosa
biofilms. J Bacteriol 2007, 189:8357-8360.

14.
�

Peeters E, Nelis H, Coenye T: Comparison of multiple methods
for quantification of microbial biofilms grown in microliter
plates. J Microbiol Methods 2008, 72:157-165.

Studying the bacterial population in biofilms, particularly its quantification
and detection, has been a great challenge toward understanding the role
of biofilm formation behavior in causing disease. Although none of the
methods can be recommended for universal use yet, results from this
study are quite promising.

15.
�

Tote K, Vanden Berghe D, Maes L, Cos P: A new colorimetric
microtitre model for the detection of Staphylococcus aureus
biofilms. Lett Appl Microbiol 2008, 46:249-254.

A new microplate model for the detection of Staphylococcus aureus in
biofilms was developed using dimethyl methyene blue to quantify the
bacterial cells. This method seems to be promising in the detection of live
cells and can be employed for high capacity screening of biocides.
www.sciencedirect.com
16. Thompson J, Marcelino L, Polz M: Diversity, sources, and
detection of human bacterial pathogens in the marine
environment. In Oceans and Health: Pathogens in the Marine
Environment. Edited by Belkin S, Colwell R. Springer
Science+Business Media, Inc.; 2006:29-68.

17. Fong J, Karplus K, Schoolnik G, Yildiz F: Identification and
characterization of RbmA, a novel protein required for the
development of rugose colony morphology and biofilm
structure in Vibrio cholerae. J Bacteriol 2006, 188:
1049-1059.

18.
��

Waters C, Lu W, Rabinowitz J, Bassler B: Quorum sensing
controls biofilm formation in Vibrio cholerae through
modulation of cyclic di-GMP levels and repression of vpsT. J
Bacteriol 2008, 190:2527-2536.

Quorum sensing has been known to be directly implicated with biofilm
formation. However, it was interesting to note the role of di-GPM, an
intracellular second messenger that contains information regarding local
environmental conditions, which seems to be equally involved in V.
cholerae biofilm formation.
Current Opinion in Biotechnology 2008, 19:244–247


	Biofilms in water, its role and impact in human disease transmission
	Introduction
	Formation of biofilm in aquatic environments

	Biofilms in water, its role and impact in human disease transmission
	Analysis of biofilms and detection of the organisms
	Culture conditions

	Role of biofilms in causing disease and disease transmission
	Acknowledgements
	References and recommended reading


